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the reHenreli done dm'lnp, the peelod IH'eemhev I, 1979 to Mny 31 > I9B0 
covored tho CoHowlmi nrcnn: 

X, Analyals and Biinunnry of a numbetr of tlie, samples received In two separate 
shipments from the Uoclng Co. Specifically, the following analyses or 
sunmuirles , luivc been made : 

A. tlie results of the scanning electron microscopy (SEM) and electron 
spectroscopy for chemical analysis (ESGA) studies of the unprimed ti 6-A 
coupons supplied by the Boeing Co. as shipment //I are summarized in a SAMPE 
paper. A copy of that paper submitted for presentation at the SAMI’E 
meeting in Seattle in October, 1980 is included as a part of this report. 

B. Scanning electron microscopy (SEM) of some of the fractured samples 
of adhesively bonded Ti 6-4 specimens supplied by the Boeing Go. as shipment 
//2. [see Table I.] 

C. Electron spectroscopy for chemical analysis (ESGA) of some of the 
fractured samples of adhesively bonded Ti 6-4 specimens supplied by the 
Boeing Co. as shipment //2. [see Table I.] 

II. The oxide layer present on the surface of Ti 6-4 is believed to play 
a major role in determining the strength and durability of adhesively 
bonded structures. It is not clear from the literature in what crystalline 
phase this surface oxide layer exists. This surface oxide layer in situ 
is amenable to analysis by some surface analytical techniques such as SEM, 
ESGA and reflectance Infrared spectroscopy. On the other hand, because of 
the low surface area of the Ti 6-4 coupons, a number of surface measurements 
are precluded such as surface areas and heat of inmiersion. In order to 
more fully characterize this oxide layer, four Ti 02 powders in both the 
rutile and anatase forms have been studied. The following measurements 
have been obtained on these powders; 


- 2 - 

1). SUM photowLcroBfnpKs and ESCA spectra of four tl02 powders have been 
obtained. 

E. Determination of the surface area and surface acidity of the four 
TIO2 powders. 

F. Determination of tlie lieats of immersion of the four TiOg in water* 

In m-crescl/xylcne and in dilute solutions of poly(plieny.lt|ulnoKaline) in 
m-cresol/xylene. 

The results of the above analyses of the four TIO^ powders are summarized 


in Table II. 


TABLE I 


ANALYSIS OF FRACTURED Ti 6-4 SAMPLES FROM 
BOEING SHIPMENT If2 


Sample Description SEM 

Caa“-ppq'’-rt‘^ X 

450*^ X 

CAA-PPQMl'^-RT X 

450 X 

PFg“-PPQ-RT X 

450 X 

PFjj-PPQMl-RT X 

450 X 


^CAA - chromium acid anodize 
PFg - phosphate-fluoride (Boeing) 

b 

PPQ - poly(phenylqulnoxaline) 

PPQMl - poly (phenylqulnoxline) Modification 


^lap shear test at room temperature (RT) or 450“F 
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Abstract 

I '■■■ ■■ ■ ' ' 

•Several techniques have boon used to study prc- 
troatod Ti 6-4 surracos including scanning elec- 
tron microscopy (SEM), electron spectroscopy of 
chemical analysis (ESCA), and, reflectance visi- 
ble sp(?ctrosoopy . Each pretreatment type gives 
a characteristic surface morphology as soon by 
SEM. Elemental analysis of the Ti 0=4 surfaces 
was done using ESCA. Trace residual contaminants 
from particular chemical pretreatments are identi 
fled i’eadily. Reflectance visible spectroscopy 
using indicator dyes placed on Ti 6-4 surfaces 
appears to be a feasible approach to establish 
surface acidity, Differences in surface acidity 
have been observed using bromthymol blue on 
Ti 6-4 surfaces pretreated by two different 
methods. 


1. INTRODUCTION 

Titanium 6-4 alloy is a highly 
stabilized, alpha-beta phase 
alloy, using aluminum as the 
alplia stabilizer and vanadium 
as the beta stabilizer^ 

These impart tougliness and 
strength at temperatures up 
to 627, K (750®F) . Superior 
iin corrosion resistance to 
,many metals, titanium and its 


alloys are protected by an 
inherent oxide film at low 
and moderate temperatures, 
but are subject to oxidation 
above 523 K (480C>F)^^\ The 
nature of this oxide film has 
been the subject of a number 
of papers^ 

One of the most important 
considorations for joining of 


UliiMium luul Ub tvIloyB hy 

ucIIhjrJvg bonding 1 h the pvo- 

(‘.routmont oC l.ho surfaco 

prior to bondlnR. A varloty 

of spociallKod surface troat- 
f 11 i 

menis' ' have been developed 
over the past decade, and In- 
creasingly sophisticated mea- 
surements are bolnR used to 
characterls?e the surfaces in- 
volved. The use of secondary 
ion mass spectroscopy^^ V, 

f4) 

AuRor electron spectroscopy; 

ion scntterlnR spectroscopf 

and scannluR transmission 

f 13 1 

electron microscopy is 

noted, Work has been j’eport- 

ed om ciiar- 

actorissatlon of titanium 6-4 

surfaces alter phosphate- 

fluorlce anu alkaline pre- 

ti’eatments. In every case, 

an oxide film is formed. The 

role of this oxide film in 

determiniuR bond strength and 

bond durability is not yet 

established as judged by the 

contradictory evidence in a 

number of recent papers' ' 
7-10, 14,15). 

Previous \vork^^^~^^^ in our 
laboratory has been directed 
towards a fundamental study 
of adhesion with particular 
emphasis on analysis of the 
T1 6-4 surface. The objec- 
tive of the present work was 
to characterize Ti 6-4 sur- 
faces after a variety of pre- 
treatments with emphasis on 


BcanniiiR oloctron microscopy 
( KKM ) , el ec t ron spe c t roscopy 
for clu'mical analyst.*! (RSCA), 
and, reflectance visible 
spectroscopy. 

2. EXPEUiMKNTAb 
2.1 MATBIUALS 

The Ti 6-4 coupons used in 
the SEM and ESCA studies wore 
supplied by personnel at the 
Boeing Company after the 
following six chemical pre- 
treatments ! 

(1) chromic acid ano- 
dize with fluoride, 

(2) phosphoric acid 
anodize with fluo- 
ride, 

(3) Pasa-Jell 107, 

(4 ) phosphate-fluoride 
(Picatinny modified) 

(5) Turco 5578 alkaline 
etch and, 

(6) RAE process - an 
alkaline hydrogen 
peroxide etch. 

Details of the process para- 
meters for each of the above 
pretreatments are available 
on request . Tlie Ti 6-4 
coupons used in the reflec- 
tance visible spectroscopic 
studies were supplied by per- 
sonnel at the NASA-Langley 
Research Center. These cou- 
pons were pretreated by the 
phosphate-fluoride and Turco 
5578 methods. # 


a. 2 PUOCU'IDUUHH 

SI*;M |ihol.omi avojo'iipliH at vav- 
louH imijuvl Cl (iaUonn were ob- 
taliUKl at 20 kV on aa 
Acivanced MotalK Uo«oarch 
Model 900 aenimini? olccl.voa 
mievoscopo. Mo<»t SKM snmpllcs 
were rim alMor IIRCA analyeiR. 
A thin ('v>20 am) fi lm of Au-l>d 
alloy was vacuum evaporated 
onto tlio samples to oahanco 
coaductivity . KSCA data were 
collected on a duPoat 050 
el(?ctron spccl.romctcr with a 
ma(?aes.lum anode and aa analog 
output ott an x-y recorder. 

The carbon Is photopeak 
taken at 284.0 ev was used to 
evaluate the work function of 
the spectrometer , Circular 

O 

(6.4 mm or 32 mm*") samples 
wore punched from tho T1 6-4 
coupons and mounted on copper 
sample probes. The atomic 
fraction (AF,j) of tho i-th 
element contained In the sur- 
face was calculated according 
to equation (1) 

A./Ci 

AF « -i — i— (1) 

SA./O. 

Where A. is tho area of the 
i-th photoelectron peak and 
o. is the photoeloctron 
croas-soction . ' 

Color changes of acid-base 
indicators spread from solu- 
tion onto freshly pretreabed 
Ti 6-4 coupons were detected 


UHlng (lll’l'u.so i‘<*l Imitivnco 
vIsMile Hpeci rofU'0)).v. |)l hit«* 

aqueous solutions of hvom- 
thymol blue, thymol blue, 
bromphenol blue, and, hroiiH 
crosol groen wove used as 
indicators having a range of 
values, The roflectance 
spectra were obtained on a 
Cary 14 spectrophotomoter. 

3. HKSUbTS AND DISCUSSION 

3.1 Sl'IM/NSCA OF ANODl'/SkD 
Tl 6-4 

A reprosentativo SUM photo- 
micrograph of chromic acid 
anodlKod Ti 6-4 is shown In 
Figure 1. On the substrate, 
there appears to bo a surface 
layer containing minute 
cracks or fissures of irregu- 
lar shape. At the highest 
magnification (X 10,000), the 
whole surface layer appeal’s 
to be sponge-like prosumahly 
due to the presenGe of small 
diameter pores not resolved 
In the SUM. The ESCA results 
for this sample are listed In 
Table I. The binding energy 
(BE) in ev of eacb photopeak 
and the atomic fraction (AF) 
for each element ealciilatod 
using equation (1) are tabu- 
lated. In addition to the 
photopeaks for ubiquitous 
carbon and for tilanium and 
oxygen, significant quanti- 
ties of nitrogen and fluorine 
were detected. The binding 




onoi‘i?y ol iiitvoKcn ku(?i.;os1.s 
U iQ proKoiice oT a niLrldo, 

It Js woi‘thwhil .0 to iiotq that 
tl )0 same iiitvogon photo|>oak 
was observed on the Ti C-d 
suri'nce Hollowiiif! all six 
pretreatmonts. The fluorine 
peak appeared as a doublet 
with the higher binding energy 
peak at 687.6 ev being the 
larger. This result suggests 
two difforont bonding states 
of fluorine in the surl’ace. A 
representative SKM photo- 
micrograph of phosphoric acid 
was anodlricd Ti 6-d as shown 
In FIguro 2, The surface fea- 
tures are similar to those 
described for the chromic 
acid anodized Ti 6-4. The 
KSCA results in Table 1 for 
both of those anodized sur- 
faces are similar except that 
a small phosphorus photopeak 
is observed and the fluorine 
photopeak appears as a singlet 
for the phosphoric acid ano- 
dized Ti 6-4. 

3.2 SEM/ESCA OF ACID ETCHED 
Ti 6-4 

A representative SEM photo- 
micrograph of the phosphate- 
fluoride treated Ti 6-4 is 
shown in Figure 3. There 
appear fairly well defined 
alpha (gray) and beta (white) 
phases, These surface fea- 
tures are in contrast to 
those observed for the ano- 
dized stir faces. At higher 


ma(;n J fi «a 1 1 on , tite beta phase 
crystals aro poorly defined 
but the alpha phase shows 
rogularly-Hpacod edges nbout 
100 nm apart. The ER(;A 
results in Table l indicate 
the prosonce of trace calcium 
and phosphorus on tho sur- 
face. A roprosentatlve SEM 
photomicrograph of tho Pasa- 
Jell treated Ti 6-4 is shown 
in Figure 4, The surface 
features are similar to those 
observed for the pbosphato- 
fluoride treatment. Closer 
inspootion of Figuro 4 or of 
pbotomicrogrnphs ohtninod at 
higher magnification show 
that the surface is littered 
with "popcorn" particles 
whose idontlty was not esta- 
blished. The ESCA results 
in Table I for both of these 
acid etched .surfaces ai’e 
similar except a chromium 
photopeak is observed for the 
Pasa-Jell etch instead of a 
phosphorus photopeak . 

3.3 SEM/ESCA OF ALKALINE 
ETCHED Ti 6-4 

A representative SEM photo- 
micrograph of the Turco 
treated Ti 6-4 is shown in 
Figure 5. The surface fea- 
tures for this alkaline etch 
are in sharp contrast to 
those following the acidic 
pretreatments. The beta 
phase appears to have grown 
al. I ho expense of the nipha 


phnso and oxIhIb uk highly 
rragintni led 8 tnic t u ii'cb . The 
WSCA fORyHa In Tahlo I Indl- 
cato the ahsonco of Oiiorine 
in the sui'faco. Furihcii.'’ 

ESCA ImB demon- 

strated the presence of 
significant quantities of 
sodium in the surface. A 
representativ© SEM photo- 
microgj’aph of HAE alkaline 
hydrogen peroxide treated Ti 
6-4 is shown in Figure 6. 

The surface features here are 
unlike any of the procoding 
ones. A mottled surface is 
obtained containing no dis- 
tinct foatures. The ESCA 
results in Table I for both 
of the alkaline etch»^P sur- 
faces show that trace quan- 
tities of calcium and alum- 
inum are seen following the 
IIAE process. 

3.4 SURFACE ACIDITY OF Tl 6-4 

The surface acidity r*esults 
are shown in Table 11 for Ti 
6-4 pretreated by the Turco 
atid phosphate-fluoride pro- 
cesses. Only thymol blue 
changes color (blue to yellow) 
from the base form to the 
conjugate acid form on the 
Turco etched Ti 6-4 surface. 
The X , ^ value at 476 nm is 
characteristic of the acid 
form. Thus the Turco etched 
surface is basic and the 
basicity lies between 7.3 
and 9.2, the pK^ values of 


tho bracketing lihllcatorH. 
UoHUlts from Table U demon- 
Btrato timl tho phosphalo- 
fluorldo surface is acidic 
and the acidity lies betwoon 
4.9 end 7.3, 

A marked docreas© in tho sur- 
face acidity of phosphate- 
fluoride etched Ti 6-4 oc- 
curred between 5 and 10 hours 
as noted by the appearance of 
a second peak at 630 nm in 
the reflectance spectrum of 
bromthymol blue Gharacteris- 
tlc of tho base form. This 
result is a quite significant 
one since it establishes a 
surface chemi.stry basis for 
priming a freshly pretroalod 
metal adherend prior to 
adhesivo bonding. 

4 . SUMMARY 

Different surface features 
are seen In tlie SUM photo- 
micrographs for the anodiKed, 
acid, and, alkaline etched 
Ti 6-4 .surfaces. However 
both of the anodis5ed and 
both of the acid etched sur- 
faces have similar surface 
features in contrast to the 
SEM photomicrographs lor 
the two alkaline etched Ti 
6-4 surfaces. The binding 
energies of the 0 Is, 

Ti 2p,j^2 and N Is photopeaks 
at 529.6 + 0.2, 457.9 +0,2 
and 399.3 + 0.2 ev, resp^ec- 
tively, were constant follow- 
ing Jill six surface pre treat- 


mi'll l.fi * Knell |» ro I im'ii ( iikmi I 
i;nv 0 fiRO to a iinlquo KBCA 
"fliiBorprlnt** analyslB oC 
Tl 6-4. Tho chi’omJo acid 
aiiodi!i;od Ti 6»4 gave a 
fXuorlne doublet phofcopoak. 
The phosphoric acid anodls'.od 
and phosphate-fluortd© etched 
Ti 6-4 both gave pliosphorus 
photopeaks but a calcium 
pliotopeak was only obsorved 
for the latter process. A 
chromium photopoak was only 
obsorved Xor the Pasa-Jell 
treated Ti 6-4. No fluorine 
photopoak was obsorved 
following the alkaline etch 
processes. But, sodium and 
aluminum photopeaks were 
observed for the Turco and 
HAE processes, respectively. 
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